INTRODUCTION {#sec1-1}
============

Interferons (IFNs) are a group of multifunctional cytokines that help protect the host against viral and parasitic infections and against certain tumors. IFNs are produced by infected cells. They prevent the multiplication of viruses and induce immune-mediated clearance of the viruses. There are three major categories of human IFNs: alpha, beta, and gamma.\[[@ref1]\]

Recombinant human interferon alpha-2b (rhIFN-α2b) is a cytokine that is used in the treatment of tumors such as hairy cell leukemia, malignant melanoma, follicular lymphoma, and AIDS-related Kaposi\'s sarcoma. It is also used in infectious diseases such as chronic hepatitis B and condylomata acuminata. It is supplied in combination with ribavirin for use in chronic hepatitis C in specific circumstances.\[[@ref2]\]

Despite their therapeutic benefits, the IFN alpha (IFN-α) cytokines are associated with a high burden of central nervous system adverse effects. These include mood symptoms, neurovegetative symptoms, and cognitive symptoms.\[[@ref3]\] Depression is a common adverse effect of IFN-α and may occur in 21--58% of treated patients.\[[@ref4][@ref5]\] For example, in a randomized, double-blind, placebo-controlled study of 40 patients who had been prescribed high-dose IFN-α for malignant melanoma, Musselman *et al*.\[[@ref6]\] found that 9 of 20 placebo-treated patients and 2 of 20 paroxetine-treated patients developed major depression during the first 12 weeks of IFN-α therapy. Severe depression necessitated the premature discontinuation of IFN-α in 7 of 20 placebo patients and 1 of 20 paroxetine patients. In a different report, Janssen *et al*.\[[@ref7]\] described attempted and completed suicides in patients receiving IFN-α. Mechanisms underlying these IFN-α-induced adverse effects were reviewed by Capuron and Miller\[[@ref3]\] and Miller.\[[@ref8]\]

Animal models are helpful for the generation and testing of hypotheses relevant to clinical contexts. Animal models of IFN-α-induced depression are important because of the frequency and severity of IFN-α-induced depression. Regrettably, there has been little work on the subject. In a pathbreaking study, Makino *et al*.\[[@ref9]\] demonstrated that the intravenous (i.v.) tail vein administration of different IFN-α preparations resulted in a dose-dependent increase in immobility in the forced swim test (FST), a standard animal model of depression in which an increased duration of immobility signifies behavioral despair.\[[@ref10]\] The increased immobility in the FST peaked 15 min after dosing. Chronic administration of IFN-α for 7 days was similarly associated with a prolongation of immobility. In contrast, neither acute nor chronic dosing with IFN beta or gamma prolonged immobility.

In a separate series of experiments, Makino *et al*.\[[@ref11]\] examined the effects of different IFNs in rats exposed to the FST. They found that a single 60 IU/g (but not 0.6 or 6.0 IU/g) i.v. dose of recombinant human IFN-α2b significantly prolonged immobility 15 min after administration to rats exposed to the test; human IFNs beta and gamma had no such effect. Repeated i.v. administration of IFN-α2b 6 IU/g for 7 days also prolonged immobility as assessed 15 min after the last dose; again, human IFNs beta and gamma had no such effect. In addition, acute dosing with recombinant rat IFNs alpha, beta, and gamma did not induce behavioral despair in the FST. As neither human nor rat IFNs influenced rodent locomotor activity, Makino *et al*. concluded that human IFN-α2b (but not rat or other human IFNs) has a specific depressogenic effect which is not an artifact of altered basal motility, and which is not mediated by IFN alpha/beta receptors. In a further series of elegantly conducted experiments using centrally acting and peripherally acting opioid probes in a murine model, Makino *et al*.\[[@ref12]\] found that the depressogenic effect of human IFN-α is likely mediated by activation of central mu but not delta or kappa opioid receptors.

In contrast to the studies of Makino *et al*.\[[@ref11][@ref12]\] Loftis *et al*.\[[@ref13]\] found that 3 weeks of i.p. administration of pegylated IFN-α2a or IFN-α2b (650 μg/week) failed to induce behavioral despair in Lewis rats exposed to the FST. Possible explanations are many: the sample size of 10 per group may not have been adequate; the IFN dose may not have been adequate; pegylated IFN may have less behavioral toxicity; Lewis rats may not be appropriate for the animal model; and the inclusion of female animals may have contaminated the range of behavioral responses.

The tail suspension test has also been studied as a murine model of IFN-α-induced depression. Yamano *et al*.\[[@ref14]\] administered synthetic and natural IFN-α by the i.v. route to mice and assessed behavioral despair in the tail suspension test 15 min after dosing; both drugs increased immobility in a dose-dependent fashion. Repeated subcutaneous (s.c.) administration of both drugs across 7 days also dose-dependently prolonged immobility on this test with the assessments performed 30 min after the last dose.

Animal models are likely to have greater value the more closely they reflect clinical contexts. In patients who develop depression with IFN-α, symptoms of depression persist through the day to the next, when the next dose of medication falls due. Therefore, for an animal model to have validity, it is necessary to examine whether chronic dosing with IFN-α is associated with the persistence of behavioral despair through the day and into the next. However, even in their chronic dosing models, Makino *et al*.\[[@ref9][@ref11][@ref12]\] and Yamano *et al*.\[[@ref14]\] conducted the behavioral despair assessments just 15--30 min after the last dose of IFN-α; and the chronic dosing study of Loftis *et al*.\[[@ref13]\] failed to elicit behavioral despair. Therefore, we still do not know whether the animals will exhibit behavioral despair a day after chronic dosing, as do humans who suffer IFN-α-induced depression.

We therefore conducted the present set of experiments to determine a suitable dose of IFN-α which, after repeated administration for a suitable period, would induce behavioral despair detectable in the FST 24 h after the last IFN-α dose. We also chose to study a s.c. route of administration of IFN-α because it is easier for the researcher and less traumatic to the animal than the i.v. route that was adopted by Makino *et al*.\[[@ref9][@ref11][@ref12]\]

MATERIALS AND METHODS {#sec1-2}
=====================

Animals {#sec2-1}
-------

The study was conducted on 2-month-old male Swiss albino mice obtained from the Central Animal Research Facility at the National Institute of Mental Health and Neurosciences (NIMHANS), Bangalore. The mice were housed five per cage with free access to water and standard laboratory diet and were maintained and studied under daylight-driven light-dark cycle conditions, and under ambient temperature and humidity conditions, in a disturbance-free environment. The experimental procedures were approved by the animal ethics committee at NIMHANS.

Drugs {#sec2-2}
-----

Commercial rhIFN-α2b (Intalfa; Intas Pharmaceutical Ltd, Ahmedabad, India) was purchased for the study. Stock solution was made up with distilled water into different aliquots containing 100,000 IU/ml. Prepared stock solutions were immediately stored at --20°C. Solutions for administration were prepared each day from these stock solutions, depending on the need for the day. The medication was administered subcutaneously into the nape of the neck. Control mice received 0.9% w/v physiological saline.

Three different doses of rhIFN-α2b were studied: 400, 800, and 1600 IU/g/day. Each dose was administered for each of three different time periods: 5, 10, and 15 days. The 1600 IU dose was chosen for study because it results in murine tissue levels of IFN that approximate those occurring during viral infection\[[@ref15]\] (and this dose is associated with murine behavioral changes 10 and 24 h after a single injection).\[[@ref16]\] The 400 and 800 IU doses were chosen because although they do not have the same magnitude of effect as the 1600 IU dose in single-dose studies,\[[@ref16]\] in the interest of economy we wished to determine whether they suffice to induce murine behavioral changes in under repeated dosing conditions. In this context, the Makino *et al*.\[[@ref11]\] showed that a far lower dose of IFN-α2b sufficed to induce behavioral despair under chronic dosing conditions when compared with single dosing conditions.

Forced swim test {#sec2-3}
----------------

This experiment comprised a 4×3 factorial design. There were four groups of mice (three IFN-α2b groups and saline controls; *n*=10 per group) studied for each of three different durations (5, 10, and 15 days) of IFN administration.

The FST for the assessment of behavioral despair essentially followed the standard procedure described elsewhere.\[[@ref17][@ref18]\] Two swim sessions were conducted: a baseline 10-min free exposure session, 1 day before the start of the study, to acclimatize the mice to the FST; and an end point 6-min session to assess behavioral despair, 24 h after the last IFN-α2b dose. The FST apparatus was a glass cylinder measuring 25 cm in height and 10 cm in internal diameter. The cylinder was filled to a height of 15 cm with fresh water at ambient tropical temperature. Mice were judged to be immobile when they floated in an upright position and made only small movements to keep the head above water. Mice were tested individually, and the time of immobility was recorded during the last 4 min of the 6-min period of exposure, leaving the first 2 min for habituation.

The entire end point session was recorded using a video camera. Recorded video clips were subsequently coded, scrambled, and scored by a trained rater who was blinded to the experimental group to which the mice belonged.

Small open field test {#sec2-4}
---------------------

This experiment comprised four groups of mice, as in the FST, with 15 mice per group. Each group was studied after 5, 10, and 15 days of IFN-α2b administration.

The small open field test for motility monitoring followed that described by Van Ree and De Wied,\[[@ref19]\] as adapted in our laboratory.\[[@ref20]--[@ref22]\] The apparatus comprised a glass cylinder measuring 45 cm in height and 19 cm in internal diameter. The floor of the cylinder was marked into four quadrants. A mouse placed in the cylinder was allowed 3 min for habituation to the new environment; afterward, the number of quadrants crossed by the mouse during a 3-min period of monitoring was recorded; at least three paws should have entered a quadrant for it to count. As with the FST, the motility assessment sessions were recorded using a video camera; the recorded video clips were coded, scrambled, and subsequently scored blind by a trained rater.

Statistical analysis {#sec2-5}
--------------------

The data were analyzed using appropriate models of analysis of variance (ANOVA). In the FST analyses, drug and day of administration were the between-subject factors. In the small open field analyses, drug was the between-subject factor and day of administration was the within-subject factor. The Student-Newman-Keuls (SNK) post hoc test was used for multiple comparisons when the overall ANOVA was significant. Alpha for significance was set at *P*\<0.05.

RESULTS {#sec1-3}
=======

Eight mice died of unknown causes during the course of the FST experiment: one in the vehicle 15-day group; one in each of the three IFN-α2b 800-IU/g/day groups; one in the IFN-α2b 1600 IU/g/day for 5 days and one in the IFN-α2b 1600 IU/g/day for 10-day group; and two in the IFN-α2b 1600 IU/g/day for 15-day group. Five mice died in the motility experiment: two in the IFN-α2b 800 IU/g/day group and three in the IFN-α2b 1600 IU/g/day group.

Forced swim test {#sec2-6}
----------------

The FST data are presented in [Table 1](#T1){ref-type="table"}. A two-way ANOVA showed that there was a significant main effect for treatment groups (*F*=29.73, df=3,100, *P*\<0.001). The main effect for duration of treatment was not significant (*F*=2.01, df=2,100, *P*=0.14). The treatment × duration interaction was also not significant (*F*=0.28, df=6,100, *P*=0.95).

###### 

Mean (SD) immobility scores in the FST in mice treated with saline or IFN-α2b (400, 800, or 1600 IU/g/day) for 5, 10, or 15 days^\*^

![](IJPsy-53-239-g001)

Because a longer duration of administration did not significantly increase behavioral despair, we chose to further examine only the day 5 data. In this analysis, a one-way ANOVA showed that there was a significant difference between groups (*F*=8.63, df=3,34, *P*\<0.001) with the three IFN-α2b differing from the saline group but not from each other (SNK test).

Small open field test {#sec2-7}
---------------------

The small open field data are presented in [Table 2](#T2){ref-type="table"}. A two-way repeated measures ANOVA showed that there was no significant main effect for treatment groups (*F*=0.27, df=3,51, *P*=0.85) nor a significant main effect for treatment duration (Pillai\'s trace=0.02, *F*=0.63, df=2,50, *P*=0.53). The treatment × duration interaction was also not significant (Pillai\'s trace=0.01, *F*=0.10, df=6,102, *P*=1.00).

###### 

Mean (SD) motility scores in the small open field in mice treated with saline or IFN-α2b (400, 800, or 1600 IU/g/day) and assessed after 5, 10, and 15 days^\*^

![](IJPsy-53-239-g002)

DISCUSSION {#sec1-4}
==========

Many mechanisms have been proposed to explain the constellation of signs and symptoms that comprise the syndrome of IFN-α-induced depression. These mechanisms include alterations in serotonin mechanism, depletion in dopamine, changes in the hypothalamo-pituitary axis with increase in cortisol levels, and activation of neural circuits that subserve anxiety and alarm. These mechanisms were reviewed by Capuron and Miller\[[@ref3]\] and Miller.\[[@ref8]\]

We found that IFN-α2b increased immobility in the FST. This effect was apparent after 5 days of treatment itself and did not significantly increase in magnitude after 10 and 15 days of IFN administration. The increased immobility was apparent with the 400 IU/g/day dose and was no greater at higher IFN doses. At no dose did IFN-α2b alter animal motility in the small open field, as assessed after 5, 10, and 15 days of IFN administration. These findings suggest that 400 IU/g/day is the most economical dose of rhIFN-α2b for establishment of behavioral despair in the FST and that the behavioral despair is not an artifact of IFN-induced alteration in basal animal motility.

The use of this animal model could guide research which seeks to examine, for example, whether different treatments with potential antidepressant efficacy could treat or even prevent rhIFN-α2b-induced depression, much as was done in the clinical trial reported by Musselman *et al*.\[[@ref6]\] The advantage of animal models is that they can answer questions that may pose ethical challenges in clinical contexts. We could find only one study that used an animal model to investigate the efficacy of antidepressant treatment in IFN-α-induced depression: this study, however, examined only a single dose of imipramine that was administered 30 min before dosing with synthetic or natural IFN-α; and in this study, the IFN-α was administered in a single i.v. dose just 15 min before exposure to the tail suspension test.\[[@ref14]\] This study, therefore, is very far removed from clinical situations in which patients receive IFN-α in high doses for weeks or longer, and in whom depressive symptoms are chronic, as opposed to manifesting immediately after IFN dosing. Thus, we believe that our model is simple, practical, and clinically relevant.

Limitations {#sec2-8}
-----------

Lower doses of rhIFN-α2b may induce significant behavioral despair in the FST than the 400 IU/g/day that we recommend. However, doses that are too low may not sufficiently approximate those occurring in murine tissues during viral infection\[[@ref15]\] and may therefore be less relevant to clinical contexts in which high doses are often used.\[[@ref6]\] Briefer durations of administration than the 5 days that we recommend may also be associated with significant behavioral despair. However, such briefer durations would no longer qualify for a repeated dosing schedule and this, again, would no longer resemble clinical contexts. Our study findings allow researchers to choose the dose (400--1600 IU/g/day) and duration of administration (5--15 days) that are most relevant to their specific research question.
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